We tested the hypothesis that induction of neuronal NO synthase (nNOS) impairs vascular smooth muscle contractility after hypoxia. nNOS protein was increased in aorta, mesenteric arterioles, pulmonary arteries, brain, and diaphragm from rats exposed to 8% O 2 for 48 hours and in human aortic SMCs after hypoxic incubation (1% O 2 ). Ca 2+ -dependent NO synthase activity was increased in endothelium-denuded aortic segments from hypoxia-exposed rats. N G -nitro-l-arginine methyl ester enhanced the contractile responses of endothelium-denuded aortic rings and mesenteric arterioles from hypoxia-exposed but not normoxic rats (P < 0.05). The hypoxia-inducible mRNA transcript expressed by human cells was found to contain a novel 5′-untranslated region, consistent with activation of transcription in the genomic region contiguous with exon 2. Translational efficiency of this transcript is markedly increased compared with previously described human nNOS mRNAs. Transgenic mice possessing a lacZ reporter construct under control of these genomic sequences demonstrated expression of the construct after exposure to hypoxia (8% O 2 , 48 hours) in the aorta, mesenteric arterioles, renal papilla, and brain. These results reveal a novel human nNOS promoter that confers the ability to rapidly upregulate nNOS expression in response to hypoxia with a functionally significant effect on vascular smooth muscle contraction.
Introduction
NO is a multifunctional intra-and intercellular messenger affecting diverse aspects of physiology including the regulation of vascular tone (1) and neuronal (2) and renal tubular function (3) . Recently, a central role for the neuronal isoform of NO synthase (nNOS, NOS1) in the integration of mammalian ventilatory and metabolic adaptations to hypoxia has been recognized (4-6). Considering the need to balance this important function with the inherent cytotoxicity of NO (7) and the potential for its overproduction to exacerbate hypoxic injury (8) , it is not surprising that regulatory mechanisms have evolved to ensure that nNOS activity is tightly linked to tissue oxygen levels (9, 10) .
In addition to changes in ventilation and metabolic rate, hypoxia elicits adrenergically mediated vascular reflexes that redistribute blood flow and enhance the capacity for oxygen extraction (11, 12) . If oxygen deprivation is prolonged, however, systemic vascular smooth muscle contractility (13, 14) and, hence, the sympathetic responses that preserve tissue oxygen supply (15) become progressively impaired. nNOS is expressed by VSMCs (16) (17) (18) , and upregulation of nNOS protein by hypoxia has been demonstrated in neurons and skeletal muscle (10, 19) . The current study was therefore carried out to test the hypothesis that increased smooth muscle nNOS activity contributes to the loss of systemic vascular reactivity, which is observed after hypoxic exposure in vivo, and to determine the mechanisms by which hypoxia activates nNOS expression.
Tissue/cell-specific nNOS expression is primarily regulated through the use of alternate promoters that give rise to distinct mRNA species (20, 21) . The nNOS mRNAs that predominate in neurons and muscle arise through activation of promoters clustered in genomic regions considerably upstream of those that contain the translation initiation codon within exon 2. This transcriptional organization results in mRNA species that, while encoding the same 160-kDa nNOS protein, contain varying 5′-untranslated first exons (21, 22) , the length and structure of which profoundly impair translational efficiency (23) . In contrast, activation of promoters downstream of exon 2 can result in the expression of transcripts that utilize alternate translation initiation sites and produce truncated forms of the protein (24) (25) (26) . We report here the in vitro and in vivo effects of hypoxia on nNOS expression and function. Hypoxia induced the expression of an nNOS protein that migrates electrophoretically at the predicted molecular mass of the full-length protein (10, 19) . Our results indicate that oxygen regulation of this gene involves initiation of transcription from a genomic region that is distinct from regions implicated in the constitutive and cell-restricted expression of nNOS. The results reveal the existence of a human nNOS promoter that gives rise to an nNOS mRNA containing a foreshortened 5′-untranslated region (5′-UTR) that permits its rapid translation. This represents a newer model of oxygen regulation of mammalian gene expression in which alternate promoter usage not only directs transcriptional activation in a developmental stage-and tissue-specific manner but also confers the ability to rapidly alter cellular phenotype in response to a critical change in the extracellular environment.
Results
Functional studies. The effects of endothelial denudation, and NOS inhibition with N G -nitro-l-arginine methyl ester (l-NAME), on the concentration-response relationship for phenylephrine (PE) in aortic rings from normoxic rats and rats exposed to hypoxia for 48 hours are illustrated in Figure 1 . The effect of l-NAME on maximum tensions and EC 50 (concentration of agonist required to elicit 50% of the maximum tension) values during PE-and KCl-induced aortic contractions are presented in Table 1 . The maximum PE-and KCl-induced tensions in aortic rings from rats exposed to hypoxia were lower than those in rings from normoxic rats. The EC 50 value was lower (i.e., sensitivity was increased) after endothelial ablation in rings from both normoxic and hypoxic animals. Removal of the endothelium increased the maximum tension during PE-induced contraction in rings from normoxic rats, whereas, as noted previously (14, 27) , tension was greater in endothelium-intact than -denuded rings from rats exposed to hypoxia. Treatment with l-NAME increased maximum tension and decreased the EC 50 during PE-induced contraction in endothelium-intact rings from both normoxic and hypoxic animals but had no effect on the response to either PE or KCl in endothelium-denuded rings from normoxic rats. In endothelium-denuded rings from rats exposed to hypoxia, in contrast, l-NAME increased maximum tension and decreased the EC 50 for both PE-and KCl-induced contractions.
We next determined the effect of hypoxia on representative resistance vessels from the mesenteric circulation. The effects of l-NAME on the PE concentration-response relationship in endothelium-denuded mesenteric arterioles from normoxic and hypoxia-exposed rats is illustrated in Figure 2 and summarized in Table 2 . As in aortic rings, the contractile response of mesenteric arterioles from hypoxic animals was reduced compared with that in the normoxic group. Maximum tension was increased in the presence of l-NAME in segments from hypoxia-exposed rats but was not significantly altered in arterioles from normoxic rats. There was no difference between l-NAME-treated segments from hypoxia-exposed rats and untreated segments from normoxic rats. Taken together, these data indicate that prolonged hypoxia induces functional deficits in smooth muscle contractility in both large conductance vessels and arterioles. Surprisingly, this effect was especially evident when the endothelium was removed. The robust effect of the NO synthase (NOS) inhibitor l-NAME indicates an important role for NO in this response.
NOS activity. In aortae from normoxic rats, Ca 2+ -dependent NOS activity was predominantly localized to the endothelium, as evidenced by elimination of the majority of this activity fol-
Figure 1
Concentration-response relationships for PE-induced contraction in the presence and absence of l-NAME (10 µM) for endothelium-intact and -denuded aortic rings from normoxic rats (A) and rats exposed to hypoxia for 48 hours (B) (n = 7 per group). *P < 0.05 for differences between untreated rings from normoxic and hypoxia-exposed rats. ‡ P < 0.05 for differences between l-NAME-treated and -untreated rings from hypoxia-exposed animals (ANOVA).
Table 1
Effect of l-NAME on maximum tension and EC 50 lowing endothelial ablation ( Figure 3 ). In endothelium-denuded aortic segments, Ca 2+ -dependent NOS activity increased with the duration of the hypoxic exposure to reach a value equal to the total Ca 2+ -dependent NOS activity ( Figure 3 ). This suggests a shift in the primary locus of Ca 2+ -dependent NOS activity from the endothelium in normoxic rats to the smooth muscle in rats exposed to hypoxia. Ca 2+ -independent NOS activity was negligible in all groups of rats, consistent with the absence of iNOS (data not shown).
Western blots. Western blots indicated increased levels of nNOS protein in aortae ( Figure 4A ), mesenteric arterioles ( Figure 4B ), pulmonary arteries ( Figure 4C ), diaphragms ( Figure 4D ), and brains ( Figure 4E ) from rats exposed to hypoxia, compared with normoxic animals. nNOS protein levels were also increased in human aortic SMCs (HASMCs) ( Figure 4F ) after hypoxic incubation. iNOS protein was not detected in aortic homogenates from either normoxic or hypoxia-exposed rats (data not shown).
Immunohistochemistry. The aortae of rats exposed to hypoxia for 48 hours displayed positive staining for nNOS protein in the tunica media and adventitial layers ( Figure 5 ). nNOS immunoreactivity was not detected in the tunica media of aortae from normoxic rats.
In situ hybridization. nNOS mRNA was detected in the medial and adventitial layers of aortae from both normoxic and hypoxic rats; however, grains representing nNOS mRNA transcripts were more abundant in the aortic media in the hypoxia-exposed group than in the normoxic group, in which nNOS transcripts were rarely detected (data not shown). Parallel studies using [ 35 S]-labeled cRNA probe in the sense orientation (negative control) did not yield any signal (data not shown).
Cloning of a novel human nNOS promoter. We and others have reported extensive 5′-mRNA diversity for nNOS mRNA species (21, 23, 28 ). An important mechanism underlying this diversity was alternative use of different promoters. Therefore, we used the method of 5′-rapid amplification of cDNA ends (5′-RACE) and RNA isolated from normoxic and hypoxic HASMCs to characterize the structure of nNOS mRNA 5′ termini expressed in hypoxic human cells. The design of the RACE allowed cloning of varied 5′-sequences upstream of the region within exon 2 where translation of nNOS initiates. A total of 30 5′-RACE clones were analyzed from hypoxic cells. All clones exhibited a common 5′-sequence that differed from sequences of nNOS mRNAs previously detected in human tissues (23) . In our prior studies, we failed to identify corresponding cDNA clones (over 100 clones analyzed in human brain, testis, skeletal muscle, kidney, heart, and skeletal muscle). A total of twelve 5′-RACE clones was analyzed from normoxic HASMCs. Sequence analyses of these clones, which were very uncommon, correspond to sequences identical to the previously identified exon 1c (Ex-1c) (23) .
Characterization of P1 bacteriophage clones representing genomic regions corresponding to the human nNOS gene indicated that these unique cDNA 5′ termini were contiguous with genomic regions encoding exon 2 observed in previously described human cDNAs. Since stop codons are evident in all 3 translation reading frames immediately upstream of the initiating AUG in exon 2, initiation of transcription in this genomic region would not affect the encoded protein sequence. For cDNAs derived from this genomic region, transcription therefore initiates within genomic regions that represent 3′-regions of intron 1 or exon 2 of nNOS cDNAs derived from transcription initiation sites previously reported in other tissues. Although the designation as exon 2 is not technically valid for hypoxiainducible nNOS mRNA transcripts in VSMCs, it will be used for descriptive purposes.
Expression of nNOS promoter construct. We used an insertional murine transgenic approach to address the in vivo functional relevance of human nNOS genomic sequences identified through characterization of hypoxic human VSMCs. Genomic regions flanking the 5′ terminus of mRNAs identified in hypoxic cells were used to direct a reporter gene ( Figure 6A ). Expression of the
Figure 2
Concentration-response relationships for PE-induced contraction in the presence and absence of l-NAME (10 µM) in endotheliumdenuded mesenteric arterioles from normoxic rats and rats exposed to hypoxia for 48 hours (n = 6 per group). *P < 0.05 for difference between untreated rings from normoxic and hypoxia-exposed rats.
‡ P < 0.05 for difference between l-NAME-treated and -untreated rings from hypoxia-exposed animals (ANOVA).
Table 2
Effect of l-NAME on maximum tension and EC 50 during PE-induced contraction in mesenteric arterioles Figure 6B . However, exposure to hypoxia (fraction of inspired oxygen [FiO 2 ] = 0.08; 48 hours) resulted in a qualitatively significant (all-or-none) increase in the β-galactosidase staining in epithelial cells of the renal medulla and neurons of the CNS ( Figure 6B ). Conversely, basal expression of the β-galactosidase reporter in the eNOS/LacZ reporter-transgenic mice in the kidneys and brain from normoxic mice was abrogated in hypoxia-exposed mice ( Figure 6C ). The effect of hypoxia on expression of the nNOS/LacZ reporter construct and nNOS mRNA in mesenteric arterioles, kidney, and aorta of transgene-positive mice is illustrated in Figure 7 . Hypoxic exposure resulted in marked increases in the levels of these mRNAs in all 3 tissues. nNOS translation. The human nNOS gene is characterized by multiple promoters that generate numerous and distinct mRNAs that vary in their 5′-UTR sequences and which profoundly influence their translational efficiency (23) . The long, complex, and highly structured nNOS 5′-UTRs act as a translational impediment and prevent overexpression. We posit that 1 function of the promoter located within exon 2 is to generate nNOS transcripts with short, highly translatable 5′-UTRs. This would enable the cell to rapidly induce nNOS protein expression in response to stimuli. We therefore tested the translational efficiency of varied nNOS 5′-UTRs in both lysates and transfected cells. Luciferase reporter constructs were designed to reflect the native nNOS 5′-UTR derived from the exon 2-associated promoter described herein. The translational efficiency of this RNA species was compared with that of other nNOS 5′-UTR sequences. Of interest, the translational efficiency of luciferase reporter constructs reflective of nNOS mRNAs derived from the exon 2 promoter (Ex2-Short) was increased by more than 200% in cells and more than 450% in lysates compared with the full-length nNOS exon 2 (Ex2-Long) ( Figure 8 , A and B). In comparison to a transcript derived from the common human nNOS 1c promoter (Ex-1c) (29) , the translational efficiency was increased more than 24-fold. This dramatic change in translational efficiency was also observed in transiently transfected rat PC12 and hamster CHO-K1 cell types (data not shown), suggesting that this effect was not species or cell type restricted. We next sought to determine whether the translational efficiency of the nNOS mRNA derived from the exon 2 promoter (Ex2-Short) was specifically altered under anaerobic conditions, as this could explain the dramatic induction of nNOS during hypoxia. Cultured myocytes transfected with the Ex2-Short luciferase RNA construct showed no change in Firefly luciferase activity, regardless of whether cells were cultured under normoxic or hypoxic (1% O 2 ) conditions. Ex2-Short was compared with the Ex-1c and Ex2-Long mRNAs, and, similarly, no change in luciferase activity was observed under anaerobic conditions ( Figure 8C ). These results indicate that the nascent Ex2-Short mRNA transcripts are still efficiently translated in the setting of hypoxia.
Internal translation initiation. A select number of mRNAs have the ability to promote internal initiation of translation via cis-acting internal ribosome entry sites (IRESs) (30) . We sought to determine whether an IRES was active in regulating translation of nNOS mRNAs basally or during hypoxia. We constructed a series of bicistronic vectors based upon the pRF plasmid (Promega) that contains the Renilla luciferase and Firefly luciferase open reading frames (ORFs) separated by a multiple cloning site. Constructs were developed to recapitulate native nNOS mRNAs derived from the exon 2 (pRFx2F), Ex-1c (pREx1cF), and Ex-1g (pRFEx1gF) promoters. Translation of the Renilla luciferase occurs in a capdependent fashion, whereas cap-independent translation of the Firefly luciferase ORF occurs only when an IRES is present within the multiple cloning site. Therefore, an increase in the Firefly/Renilla luciferase (FL/RL) ratio would indicate the presence of an IRES. We found no increase in the FL/RL ratios for any of the nNOS mRNAs tested under normoxic or hypoxic conditions ( Figure 8 , D and E). The bicistronic pRhrvF and pRpolioF containing the human rhinovirus IRES element and poliovirus IRES element inserted within the multiple cloning site of pRF, respectively, were transfected as positive controls for IRES activity. These studies indicate that IRES-mediated internal initiation does not occur in the nNOS sequences tested.
Discussion
Vital organ oxygenation is preserved during acute reductions in oxygen delivery by sympathetically mediated vascular reflexes that redirect blood flow (12) and enhance oxygen extraction (11) . In contrast, when hypoxia is prolonged (12-48 hours), the reactivity of systemic arteries (13, 14) and, hence, sympathetic vascular responses (15) are impaired. This will limit the ability to maintain vital organ oxygenation if substrate supply must be augmented in order to meet an increase in metabolic demand, such as may occur with a superimposed episode of hypotension or if hypoxia were to acutely become more severe. Hypoxia is known to induce changes in systemic vascular endothelial cell phenotype and perturbations in the expression of endothelialderived NO (31). Our current results indicate that the decrease in systemic vascular reactivity following longer-term hypoxia persists despite endothelial ablation. This localizes an important component of the abnormality to the vascular smooth muscle. We found that nNOS mRNA, protein, and activity levels are enhanced by hypoxia in systemic vascular smooth muscle. Importantly, the current work confirms and extends prior studies reporting that nNOS mRNA and protein contribute to VSMC-derived NO, especially in disease (1, 16, 18, 32-34 ). This
Figure 3
Ca 2+ -dependent NOS activity in endothelium-intact (black bars) and -denuded (white bars) aortae from rats exposed to normoxia and hypoxia for 16 and 48 hours (n = 6 per group). *P < 0.05 for difference from corresponding normoxic control value.
underscores that all 3 of the known mammalian NOS isoforms have been identified in vascular smooth muscle (35, 36) .
Redistribution of blood flow so as to preferentially preserve vital organ oxygenation is a central component of the response to global hypoxia, and this requires that the vasculature be capable of responding to adjustments in adrenergic tone (11, 12) . If restricted to the arterioles that regulate transvascular resistance, an increase in the capacity for NO production could be construed as part of an adaptive response, since it would result in inhibition of arteriolar tone most prominently in regions where the imbalance between oxygen delivery and metabolic demand is greatest. The loss of vascular contractility, although adaptive on a regional level, may have pathophysiologic significance in cardiopulmonary diseases associated with generalized impairment of systemic oxygen delivery. Previous studies indicate that after prolonged reductions in global oxygen delivery, impairment of systemic vasoreactivity is widespread, involving both resistance (13) and conductance vessels (14, 37) . Our findings that hypoxia induced nNOS expression in myocytes of conductance as well as in resistance vessels provides, in part, a newer molecular mechanism for these prior physiological observations.
Oxygen tension affects NO bioavailability at several levels. The enzymatic properties of the NOS isoforms are both dependent upon and regulated by oxygen. Molecular oxygen is a required substrate in the NOS reaction and, under hypoxic conditions, NO synthesis by iNOS becomes limited because of reduced substrate availability (38) . In hyperoxic environments, reactive oxygen species combine with NO, decreasing its availability for participation in vasoregulatory pathways (33) . A more complex mechanism underlies oxygen regulation of NOS enzymatic activity over the physiological range of oxygen tensions, especially for nNOS. This level of control is enabled by the inhibitory interaction between self-generated NO and the ferrous heme center of the nNOS enzyme, the kinetics of which are determined by the availability of oxygen to compete for binding to this moiety (9) . The cytotoxicity of NO is well documented (7, 39, 40) , and this autoinhibitory mechanism to limit NO production presumably plays an adaptive role in protecting susceptible tissues from exacerbation of ischemic injury.
Oxygen tension regulates the control of eNOS and iNOS mRNA expression, in major part, through transcriptional processes (41) (42) (43) . In the current work, using the newer approach of insertional promoter/reporter transgenic mice, we have confirmed that hypoxia decreases transcriptional activity of the eNOS gene. Of great interest, we have shown that transcriptional activation of nNOS expression plays a major functional role in the impairment of systemic VSMC contractility after hypoxia. These results extend prior observations that nNOS expression is increased after hypoxic exposure in the lung (44) and the ventilatory muscles (19) . Studies performed in vivo indicated that hypoxia led to the induction of endogenous nNOS mRNA transcripts, promoter/β-galactosidase reporter RNA transcripts, and promoter/β-galactosidase protein expression in vascular smooth muscle and a variety of other tissues and cell types, such as neurons and epithelial cells of the kidney. Together, these findings support an important role for induction of nNOS nNOS Western blots carried out on proteins from aortae (A; n = 5 per group), mesenteric arterioles (B; n = 6 per group), pulmonary arteries (C; n = 6 per group), diaphragms (D; n = 6 per group), and brains (E; n = 5 per group) from normoxic rats (white bars, N) and from rats exposed to hypoxia for 16 (gray bars, 16H) and 48 (black bars, 48H) hours and from HASMCs incubated under normoxic and hypoxic conditions for 48 hours (F; n = 4 per condition). *P < 0.05 for difference from normoxic control value.
expression in the ventilatory, metabolic, and vascular responses to systemic hypoxia and highlight the need for cell/tissue-specific mechanisms to overcome the intrinsically negative effect of hypoxia on NO production. Future studies will be required to define the functional importance of induction of renal epithelial and neuronal nNOS expression to integrated adaptive responses.
nNOS mRNA expression is tightly regulated, consistent with its role in development (28) and in the adaptation to environmental stress (45, 46) . This level of fine control is imposed, in part, through the cell-and tissue-specific production of different RNA transcripts (47) . The molecular mechanisms by which this is achieved include site-specific alternate splicing (25, 28, 29, 48) , cassette deletions/insertions (22, 49) , and the use of alternate promoters (23) (24) (25) 50) . The site of greatest diversity in nNOS mRNA structure is in the 5′-untranslated leader sequence. For the most part, this variability represents the expression of alternate first exons that splice to a common exon 2, where the translation initiation codon (AUG) is located. Ten distinct exon 1 variants have been identified in the human nNOS gene (Ex-1a, Ex-1b, and Ex-1c-j, based on their 5′ to 3′ order) (23, 29) , each of which is accompanied by its own 5′-flanking region and is assumed to be under the control of its own promoter that directs temporal-and tissue-specific expression. This concept has been confirmed experimentally for Ex-1c, Ex-1f, and Ex-1g (50) (51) (52) . Genomic regions encoding these sequences possess functional promoter activity and are differentially regulated by transcription factor binding (53, 54) . These promoters, which direct expression of nNOS mRNAs abundant in neurons and skeletal muscle are clustered upstream of the ORF and include both TATA box-containing and TATA-less, GC-enriched promoter classes (22, 50) .
Dynamic regulation of nNOS mRNA transcripts is a newer area of study. Our current results indicate that hypoxia results in the transcriptional activation of the human nNOS gene. Future studies will need to address the key cis-regulatory elements that control tissue nNOS activity during hypoxia. Because expression of the transgenic promoter/reporter construct used to create the insertional promoter/reporter mouse model in the present study recapitulated the expression of the native gene, sequences pres-
Figure 5
Immunohistochemistry for nNOS on aortic sections from normoxic rats and rats exposed to hypoxia for 48 hours.
Figure 6
Effect of hypoxia on nNOS promoter/LacZ reporter transgenic mice. (A) General schema of the insertional exon 2 nNOS promoter/LacZ reporter transgene construct used to generate the transgenic mouse line. Representative histological sections are shown for β-galactosidase expression in renal papilla (Magnification: ×200) and brain (Magnification: ×250) from nNOS/LacZ (B) and eNOS/LacZ reporter (C) mice exposed to normoxia or hypoxia; indicated magnifications are approximate.
ent on this construct (nt -2,456 to -77) are clearly relevant in the transcriptional response to hypoxia. In rodents Sasaki et al. (55) found evidence for Ca 2+ influx-activated transcription in neurons. Characterization of mRNA species and in vitro functional assessment of promoter activity revealed 2 critical cAMP/Ca 2+ response elements (CREs) in orthologous genomic regions that correspond to the human sequences reported here. Activation of the genomic regions characterized here (GenBank accession number U17299), whether in vitro or in vivo, results in expression of mRNA transcripts with a short 5′-UTR representing sequences immediately upstream of the full-length ORF. TATAless and located within a CpG-depleted region of genomic DNA (nt composition of -2,453 to -77 with respect to the translation initiation codon is 49.6% G or C, with observed/expected ratio of CpG dinucleotides of 0.27; ref. 56) , it is enriched for binding elements of ubiquitously expressed transcription factors including CRE, activating protein-1 (AP-1), and the hypoxia-inducible factor-1 (HIF-1). CRE elements in promoter regions of the Bcl-2 and tyrosine hydroxylase genes mediate hypoxia-induced transcriptional activation, and hypoxia is associated with enhanced phosphorylation of the CREB transcription factor on serine 133 (57, 58) . AP-1 also participates in hypoxic activation of tyrosine hydroxylase expression (59) , as well as that of hemeoxygenase-1 (60). HIF-1, which regulates transcription of the gene encoding vascular endothelial growth factor, among others (61), binds specifically under hypoxic conditions to a 5′-RCGTG-3′ hypoxiaresponsive element, found at -3,099, -2,646, -1,185, -282, +275, and +312 in the human nNOS sequence. These sites are of particular interest in light of recent observations that inhibition of mitochondrial respiration by NO permits redirection of cellular oxygen to prolyl hydroxylases that regulate proteosomic degradation of HIF-1α (62, 63) . Prolyl hydroxylase activity is limited by lack of O 2 substrate during hypoxia, resulting in stabilization of HIF-1α (64) . Potentially, therefore, feedback autoinhibition of nNOS expression may be affected at the transcriptional level through NO-dependent prolyl hydroxylase disinhibition and prevention of HIF-1α stabilization.
The extreme size and complexity of the human nNOS gene renders its transcription kinetically inefficient -requiring an estimated 1.6-2.5 hours at 100-150 kb/h (29, 65) . The hypoxia-responsive genomic regions of the human nNOS gene are situated more than 100 kb downstream of the genomic regions that encode many of the constitutively expressed exon 1 variants. Moreover, the long and highly structured nNOS 5′-UTRs evident in constitutively expressed nNOS transcripts provide a translational impediment to efficient protein expression (23) . In the current work, we confirmed that the long 5′-UTRs of nNOS exon 1-containing mRNAs are poorly translated in both rabbit reticulocyte lysates and transfected cells. These RNA sequences do not have cap-independent IRES activity. This was an important concept to address, given that select mRNAs are preferentially translated during the cellular response to stress. For example, the translation of HIF-1α continues efficiently when cells are exposed to hypoxia due to the presence of an IRES in the 5′-UTR (66). In general, most cellular mRNAs are inefficiently recruited to polysomes in the setting of hypoxia (67) . Surprisingly, the translational efficiency of the nNOS mRNA species that is induced by hypoxia is itself not importantly inhibited by hypoxia. Therefore, the nNOS gene represents a unique example of translational regulation in response to cellular hypoxia. In the case of human nNOS, hypoxia induces the transcriptional activation of a downstream promoter that produces mRNA species that are very efficiently translated compared with typical nNOS mRNAs that are present under normoxic conditions. In summary, nNOS mRNA and protein expression are oxygen regulated at multiple levels, both transcriptional and translational. Our results highlight the previously unrecognized functional implications of nNOS in the regulation of vasomotor tone. The existence of such complex mechanisms to ensure that enzyme activity is specifically regulated in relation to tissue oxygenation speaks to the evolutionary and physiological importance of the adaptive response to hypoxia and the central role that nNOS plays in its implementation.
Methods
Functional studies. All protocols involving live animals were in accordance with standards set by the Canadian Council on Animal Care and were approved by the institutional animal care committees of Meakins-Christie Laboratories, the University of Toronto Faculty of Medicine, and St. Michael's Hospital. As described previously (14) , male Sprague-Dawley rats (200-250 g; Charles River Laboratories) were placed in a Plexiglas chamber (30 × 18 × 15 cm) into which the flow of air and nitrogen was controlled independently for 48 hours, then sacrificed by decapitation. Animals exposed to hypoxia breathed a mixture containing 8% oxygen, whereas control animals breathed room air only under otherwise identical conditions.
In one set of experiments, thoracic aortae from normoxic rats and rats exposed to hypoxia were bisected, and one half of each aorta was denuded of its endothelium by gentle abrasion of the luminal surface before being sectioned into 4-mm rings. Segments were equilibrated in aerated KrebsHenseleit solution (in mmol/l: 120 NaCl, 25 NaHCO3, 11.1 glucose, 4.76 KCl, 1.18 MgSO4, 1.18 KH2PO4, and 2.5 CaCl2) for 1 hour at 37°C under a resting tension of 2 g. The failure of acetylcholine (Ach; 10 µmol/l) to elicit relaxation after contraction with PE (1 µmol/l) was taken as evidence of functional endothelial ablation. PE and Ach were then washed out, and the tension was allowed to return to 2 g. Concentration-response relationships for PE (1 nmol/l to 10 µmol/l) in endothelium-intact and -denuded rings or potassium chloride (KCl; 0-50 mmol/l) in endothelium-denuded rings were then generated in the presence and absence of l-NAME (10 µmol/l). At the end of each experiment, rings were dried overnight and weighed so that contraction could be expressed in g/mg dry weight.
In a second series of experiments, resistance arterioles from the mesenteric circulation (∼100-200 µm diameter) from normoxic rats and rats exposed to hypoxia were excised, and the endothelium was removed by gentle abrasion. Mesenteric arterioles were then cut into 2-mm segments and mounted in a wire myograph (purchased from University of Vermont) for measurement of isometric tension. A resting tension of 200 mg was applied, and vessels were equilibrated in Krebs-Henseleit solution for 1 hour at 37°C. Endothelial removal was verified by lack of a relaxation response to 1 µmol/l Ach after initial precontraction with PE (1 µmol/l). PE and Ach were then washed out, and the tension was allowed to return to 200 mg. Concentration-response relationships for PE (10 nmol/l to 10 µmol/l) were then constructed in the presence or absence of l-NAME (10 µmol/l).
Aortic NOS activity. Thoracic aortae from normoxic rats and rats exposed to hypoxia for 16 or 48 hours were excised and divided in half, and the endothelium was removed from one-half as described above. Aortae were homogenized in ice-cold 50 mmol/l Tris-buffered saline supplemented with EDTA (1 mmol/l) and EGTA (1 mmol/l). Samples were centrifuged at 14,000 g, and the protein content in the supernatants was quantified by the Bradford method (Bio-Rad Laboratories). NOS activity in the presence and absence of CaCl2 (0.6 mmol/l) was measured using the NOSdetect Assay Kit from Stratagene. Briefly, 50-100 µg of homogenate (10 µl) was added to a reaction mixture consisting of Tris-HCl (25 mmol/l, pH 7. In vitro-transcribed, capped, nNOS 5′-UTR/luciferase reporter RNAs were transiently translated in rabbit reticulocyte lysates or transiently transfected into cultured C2C12 myocytes. Data are expressed as the mean ± SEM of 3 independent experiments, each performed in triplicate. *P < 0.05 for difference from Ex2-Long (Ex2-L) value. Ex2-S, Ex2-Short; Vct, vector only. (C) Studies assessed the effect of normoxia (white bars) versus hypoxia (5 hours; black bars) on reporter Firefly luciferase activity in cultured myocytes (C2C12 cells) transiently transfected with RNA constructs containing the nNOS Ex-1c, Ex2-Short, and Ex2-Long leader sequences. Shown is the mean ± SEM of 3 independent experiments, each performed in triplicate. (D) Design of the bicistronic luciferase reporter constructs. Varied human nNOS 5′-UTR sequences were inserted into the multiple cloning site (MCS) between the Renilla and Firefly luciferase ORFs. pRhrvF and pRpolioF containing the human rhinovirus IRES element and poliovirus IRES element, respectively, served as positive controls for IRES activity. (E) Ratio of Firefly to Renilla luciferase activity (FL/ RL) relative to the activity of the control construct lacking any nNOS 5′-UTR sequences (pRF) under normoxic (white bars) and hypoxic (5 hours; black bars) conditions. Studies assessed reporter activity in cultured myocytes (C2C12 cells) transiently transfected with bicistronic RNA constructs. Data are expressed as the mean ± SEM of 3 independent experiments, each performed in triplicate.
sured in 100 µl of the eluate by liquid scintillation. For each sample, [ 3 H]-l-citrulline production was also assayed in the presence of l-NAME (1 mmol/l). This value was used as a control to subtract all non-NOS-derived l-arginine conversion present. In all experiments, triplicate measurements for each sample were averaged and treated as a single observation.
Western blotting. Thoracic aortae, mesenteric arterioles, first-order pulmonary arteries, diaphragms, and brains were excised from normoxic rats and from rats exposed to hypoxia for 48 hours, and proteins were extracted in 1% SDS, 1 mmol/l Na3VO4 and 10 mmol/l Tris (pH 7.4) with a proteinase inhibitor cocktail (Sigma-Aldrich). To confirm that human nNOS expression was also oxygen regulated and to address the direct effect of hypoxia in vitro, nNOS protein levels were measured in HASMCs after normoxic and hypoxic incubation. HASMCs were from Clonetics and maintained as described (68) . At passage 6, upon reaching 80% confluence, the cells were exposed to either a hypoxic (1% O2, 5% CO2, 94% N2) or normoxic (21% O2, 5% CO2, 74% N2) gas mixture for 48 hours. Proteins were extracted in extraction buffer as described above and quantified by the Bradford method.
Proteins from thoracic aortae, mesenteric arterioles, pulmonary arteries, diaphragms, and brains from normoxic and hypoxia-exposed rats and from HASMCS were separated on a 4-12% SDS-polyacrylamide gel, transferred onto nitrocellulose or PVDF, and probed with an nNOS-specific monoclonal or polyclonal antibody (BD Biosciences). Aortic proteins from normoxic and hypoxia-exposed rats were also incubated with iNOSspecific monoclonal antibody (BD Biosciences -Transduction Laboratories). Immunoblots were probed with HRP-linked donkey anti-rabbit IgG (Amersham Biosciences) or HRP-linked goat anti-mouse IgG (SigmaAldrich). Immunoreactive bands were detected by enhanced chemiluminescence (Amersham Biosciences) and quantified by densitometry using a Hewlett-Packard scanner and Molecular Analyst software (Bio-Rad Laboratories). Protein loading and transfer efficiency were verified by full-lane densitometry of the Ponceau red-stained membranes.
Immunohistochemistry. Thoracic aortae from rats exposed to normoxia or hypoxia for 48 hours were fixed in 4% paraformaldehyde and embedded in paraffin. Sections were analyzed by indirect immunohistochemistry using a polyclonal antibody to an epitope in the carboxyl terminus of the nNOS protein (BD Biosciences -Transduction Laboratories) and an HRP-labeled anti-rabbit secondary antibody (Amersham Biosciences). Diaminobenzidine was used as the substrate for HRP, and tissues were counterstained with H&E. Slides processed in an identical manner, except omitting the primary antibody served as negative controls.
In situ hybridization. Aortae from rats exposed normoxia or hypoxia for 48 hours were fixed in 4% paraformaldehyde and sectioned. In situ hybridization was carried out on these tissue sections as previously described (16, 68) using an [ 35 S]-labeled antisense riboprobe complementary to exon 2 of the full-length nNOS mRNA (GenBank accession number NM 052799). Tissue sections were permeabilized with Triton X-100 and proteinase K and treated with acetic anhydride and triethanolamine and with a further solution of N-ethylmaleimide and iodoacetamide. Tissue sections were then incubated overnight with the radiolabeled probe at 42°C, treated with RNase A, washed with ×2 to ×0.1 saline sodium citrate at 22°C to 55°C, and then processed for autoradiography. [ 35 S]-labeled sense riboprobe was used as a negative control.
Rapid amplification of cDNA ends (5′-RACE). We sought to characterize the mRNA transcript(s) whose expression is stimulated by hypoxia by identifying those enriched in HASMCs after 48 hours of hypoxic incubation compared with cells cultured under normoxic conditions (see above) using the method of 5′-RACE. The gene-specific primer was located in the exon 2 coding region, thus allowing the isolation of human nNOS cDNA sequences upstream of exon 2. Total cellular RNA (1 µg) derived from HASMCs incubated under normoxic and hypoxic conditions for 48 hours was reverse transcribed with gene-specific antisense primer P1 (exon 2, 5′-CCATGG-TAACTAGCTTCC-3′) using SuperScript II reverse transcriptase (Life Technologies; Invitrogen Corp.). RNase H was used to remove template RNA, and first-strand cDNA product was tailed with dATP by terminal deoxynucleotide transferase, as described previously (24) . First-round PCR was performed for 35 cycles with primer annealing at 55°C (generic sense primers 5′-GACTCGAGTCGACGAATTCAAT-3′, 2.5 pmol, and 5′-GACTCGAGTC-GACGAATTCAA-3′, 25 pmol; gene-specific anti-sense primer P2, exon 2, 5′-TCTCTAAGGAAGTGATGGTTG-3′, 25 pmol). A second round of amplification was performed for 35 cycles with primer annealing at 57°C (generic sense primer 5′-GACTCGAGTCGACGAATTCAA-3′, 25 pmol; nested genespecific antisense primer P3, exon 2, 5′-GGCTGTGTCTAGAAGTGACG-3′, 25 pmol). PCR products were digested with EcoRI/XbaI, subcloned into pBluescript SK(-), and subjected to DNA sequence analysis. An independent series of 5′-RACE was also performed with primers located downstream of the described primer set using a similar approach (exon 2, 5′-GTACCTC-CAGGGCGCTGT-3′ and 5′-CCATGGTAACTAGCTTCC-3′).
Genomic characterization. P1 clones were isolated by PCR-based screening from a library of human diploid genomic DNA partially digested with Sau3AI in the vector pAD10SacBII (Genome Systems). Two pairs of genomic PCR primers were used for screening (primer pair 1, Ex-1f sense: 5′-CCTGCGT-GGCTACTACATTC-3′, Ex-1f antisense: 5′-AGACGTCGCAACCCTCATTA-3′; primer pair 2, Ex-1c sense: 5′-GACTGCCTGACTGCCCTTGT-3′, Ex-1c antisense: 5′-CCCCCTCTCAGACAGTGCTC-3′). Three overlapping P1 clones were mapped with the method of partial enzymatic digestion using EcoRI, MluI, SalI, and SmaI on a CHEF-DR III mapping system (Bio-Rad Laboratories). Southern blots were hybridized with [γ-32 P]ATP-labeled T7 and Sp6 primers and primers specific for exon 2. High-molecular-weight P1 DNA was partially digested with Sau3AI, subcloned into the BamHI site of pBluescript SK(-), and subjected to DNA sequence analysis. Genomic DNA sequence was determined on both strands of genomic DNA with an ABI PRISM 377 automated DNA sequencer (Applied Biosystems).
nNOS/LacZ-transgenic mouse. The nNOS/LacZ-transgenic mouse line was generated in a hybrid C57BL6/SJL mouse strain, through the National Institute of Child Health and Human Development Transgenic Mouse Development Facility, University of Alabama, using techniques described previously (20, 69) . These mice expressed the E. coli LacZ (β-galactosidase) reporter gene under the transcriptional control of human nNOS genomic regions spanning -2,453 to -77 numbered with respect to the start site of translation (GenBank accession number U17299; Figure 6A ). This genomic region contains 418 nt of sequence included in the 5′-UTRs of previously described human nNOS cDNAs that corresponds to exon 2 regions of cDNAs known to contain various exon 1 leader sequences (23) . The LacZ (β-galactosidase) reporter gene contained the SV40 large T nuclear localization signal (5′-GGGCCCAAGAAGAAACGCAAAGTGGGGAG-3′) and a eukaryotic translation initiation signal. A 516-bp HindIII fragment representing the 3′-UTR and 3′-flanking genomic regions of the human α1-globin gene was incorporated at the 3′-end of the LacZ ORF to ensure proper RNA processing (20, 69) . Tail genomic DNA was isolated at the time of weaning, and genotyping was performed by a modified Southern slot blot, as described previously (69) . From 8 original F0 founders, 5 founder lines transmitted the transgene to the F1 progeny and exhibited normal Mendelian heritability. The nNOS exon 2 promoter/LacZ reporter-transgenic mouse line and a previously established and characterized murine eNOS promoter/LacZ reporter-transgenic mouse line (69) were used and characterized in the current study. Both transgenic mouse lines were exposed to either normobaric hypoxia (FiO2 = 0.08) or normoxia for 48 hours and then euthanized with ketamine/xylazine (200 and 10 mg/kg, respectively, intraperitoneally). Heart, lungs, kidneys, brain, and aorta were excised, sectioned (0.25-cm sections), and placed in a fixative buffer (2% formalin, 0.2% glutaraldehyde, 5 mmol/l EGTA, 2 mmol/l MgCl2, 0.1 mol/l sodium phosphate buffer; pH 7.3) for 4-6 hours. Fixed tissues were embedded in paraffin, cut into 10-µm sections, stained for β-galactosidase, and counterstained with nuclear red, as described previously (69) . Slides were visualized using a Leica model DM RBE upright microscope (Leica Microsystems Canada Inc.), and images were captured using a CoolSnap camera and the accompanying software (version 1.2.0; Roper Scientific Inc.).
Real-time RT-PCR. All quantitative PCR analysis was performed using an ABI PRISM 7900 HT (Applied Biosystems) using the SYBR Green detection system. The quality of total cellular RNA was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies). First-strand cDNA was synthesized with total cellular RNA (1-5 µg) derived from varied murine tissues (kidney, aorta, and mesenteric blood vessels) using random primers and SuperScript II reverse transcriptase (Life Technologies; Invitrogen Corp.). Reactions were performed in triplicate on pools of cDNA synthesized from experiments performed in 3 independent founder lines containing the cDNA equivalent of 100 ng of reverse-transcribed RNA. To quantitate copy number, we used serial 10-fold dilutions of plasmids corresponding to target RNAs to generate standard curves. For quantitation of nNOS in murine tissues, primers spanned a common region (exon 8/9): murine nNOS sense 5′-TGGGCGATCCAGCTAATGTGG-3′, murine nNOS antisense 5′-GGGGATCTGAAAGAGTTCAGGGTC-3′. For quantification of reporter RNAs in murine nNOS promoter β-galactosidase (LacZ) reporter mice, the real-time primer pair crossed an intron located within the human α1-globin 3′-UTR and flanking genomic sequences used for primary transcript processing: reporter LacZ/α-globin sense 5′-ACCCGGTCAACTTCAAGCTCC-3′, reporter LacZ/α-globin antisense 5′-GGTGCTCACAGAAGCCAGGAA-3′. The following housekeeping genes and primers were employed: murine Gapdh sense 5′-TTCACCACCATGGAGAAGG-3′; murine Gapdh antisense 5′-CTCGTGGTTCACACCCATC-3′; 18S sense 5′-AGGAATTGACG-GAAGGGCAC'-3′; 18S antisense 5′-GGACATCTAAGGGCATCACA-3′; murine Hprt sense 5′-AAACAATGCAAACTTTGCTTTCC-3′; murine Hprt antisense 5′-AGCTTGCTGGTGAAAAGGACC-3′.
Generation of reporter constructs. Translation assays were carried out using RNA rather than DNA transfections in order to eliminate factors related to transcriptional regulation. A series of in vitro RNA expression vectors was constructed using a modified pSP-Luc+ plasmid (Promega) that included a sequence of 60 adenylate residues 3′ of the luciferase ORF, as previously described (23, 29) . The luciferase protein coded by the ORF was identical in all constructs to obviate differences resulting from differences in protein stability. The complete 5′-UTR portion of exon 2 from the human nNOS was placed upstream of the luciferase ORF. This construct, termed Ex2-Long, possessed a 5′-UTR of 405 nt. The Ex2-Long construct was truncated via the native BamHI site to generate the Ex2-Short reporter construct, which then contained 77 nt of 5′-UTR sequence. For comparative purposes, a previously described (29) Ex-1c-containing reporter was included. This construct contained 326 nt of Ex-1c sequence (GenBank accession number AF049714) followed by the complete 5′-UTR portion of exon 2, thereby possessing 831 nt of 5′-UTR sequence. In previous studies and the current work, the stability of these mRNA constructs was found to be unaltered by varying the 5′-UTR sequence (23, 29) .
To assess the possible presence of an IRES (70) in the 5′-UTR of the hypoxia-inducible human nNOS mRNA, bicistronic plasmids were generated to compare the translational efficiency of a transcript containing this sequence or nNOS exon 1 5′-UTRs with that of an mRNA containing the well-characterized polio virus IRES (71) . The plasmids pRF and pRhrvF, which contains a human rhinovirus IRES, were kind gifts from A. Willis (University of Leicester, Leicester, United Kingdom) and have been previously described (72) . To create the bicistronic plasmids pREx2F, pREx1cF, and pREx1gF, nNOS cDNA sequences containing the untranslated region of exon 2 and the Ex-1c or Ex-1g variant were inserted into the multiple cloning site of the pRF vector. To create the pRpolioF construct, cDNA encoding the polio virus IRES element (a kind gift from J. Pelletier, McGill University) was inserted into the pRF vector.
RNA transfections. C2C12 cells [mouse skeletal myoblast, nNOS(+); ATCC] were grown in DMEM supplemented with 15% FBS and antibiotics. PC12 cells [rat pheochromocytoma, nNOS(+); ATCC] were maintained in RPMI supplemented with 10% heat-inactivated horse serum, 5% FBS, and antibiotics (Gibco; Invitrogen Corp.). CHO-K1 cells [nNOS(+); ATCC] were grown in DMEM supplemented with 10% FBS and antibiotics. In vitro transcription of capped RNA was carried out using the Sp6 and T7 mMessageMachine kit (Ambion Inc.). The quality of in vitro-synthesized, 7mGpppG-capped RNA was assessed on 0.66 M formaldehyde-1% agarose gels. Cells were maintained in 60-mm dishes and transfected at 50-70% confluency with in vitro-synthesized, quantified, capped RNA using Lipofectin (Life Technologies; Invitrogen Corp.). Three or 5 µg of RNA and 12 µl of Lipofectin (Life Technologies; Invitrogen Corp.) were used for each 60-mm dish along with 2 µg of respiratory syncytial virus-β-galactosidase RNA or 0.3 µg of Renilla luciferase RNA to control for transfection efficiency. Cellular extract was harvested 4-6 hours after RNA transfection, at which time reporter activity was increasing linearly as a function of time (23, 29) . Multiple independent RNA preparations were used. Luciferase activity was measured with a luminometer (Monolight 2010C; Analytical Luminescence Laboratory) and normalized for β-galactosidase activity and protein content, as described previously (23, 29) . For anaerobic transfections, cells were incubated under normoxic conditions for 1 hour then transferred to an anaerobic (<1% O2) chamber for 5 hours prior to harvesting in ×1 passive lysis buffer (Promega). The dual luciferase assay kit (Promega) was used to determine the amounts of Firefly and Renilla luciferase activities in transfected cells using a plate luminometer (Microplate Luminometer LB 96V; EG&G Berthold). Firefly luciferase was normalized to Renilla luciferase activity. In vitro translations were performed in rabbit reticulocyte lysates (Promega), as described previously (23) .
Statistics. Unless otherwise stated, experiments were performed at least 3 times. Results of functional studies in aortic and arteriolar segments studied under a given condition from a given animal were averaged and the averaged value used as a single data point in the statistical analysis. Paired means were compared by 2-tailed Student's t test. Differences among multiple means were evaluated by ANOVA corrected for multiple measures where appropriate, and, when overall differences were detected, individual means were compared post hoc using the Student-Neuman-Keuls procedure. Results are presented as mean ± SEM for n number of samples, with P < 0.05 representing statistical significance.
